Non-standard heat treatment of cast AZ91 magnesium alloy by K.N. Braszczyńska-Malik & J. Kamieniak
1897-33 
Eume 8  .  .. 
FOUNDR'  JEERING 
, :r 
I, 
Published quarterty  as  the qan  ofthe rounary wmrmsswn o( the Polish Amdeny of Sciences 
Non-standard heat treatment 
of cast AZ91 magnesium alloy 
K.N. ~raszcz~6s~-~a1ik"~,  J. Kamicniaka 
'Czgtochowa  University of Technology, Institute of Materials Enginccting 
A!. Arrnii Krajotvej  1 9.42-200 Czqstochowa, Poland 
m~otresponding  addrcss: e-mail: kacha@mEm.pcz.czest.pl 
Otrzyrnano 28.03.2008; zaakceptowano do druku 06.04.2008 
Abstract 
Rcsutts of microsrrucrurc  and  rncchanicnl  propertics  invcs~igations  of  M9I  magncsium alloy  =-cast  and  after  hcnt  rrcntmcnt  arc 
prcscntcd. Cylindcr samplcs  lor ~iniwially  comprcssion  tcsts wcrc anncalcd at  a tcmpcraturc of 423 and 623  K  for  I6 hours (without 
soln!ion  anncnling). Altcr anncnting at 423 K  prccipitatcs of  pMg17hE12  phasc in mas  cnrichcd in  aluminum solid solurion wcrc obscrvcd 
whercas mncaling at 623 K  cnuscd only hornogcnizing af solid solution. lnvcsligatcd materials showcd insignificant changes in ultimate 
comprcssion strcngth and clcarly incrcasc valuc of ylcld streng~h  of  samples anncalcd at 623 K. 
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I. Introduction 
Magnesium alloys arc light metallic structural materials and 
have a uniqitc comhinat ion of  properties, which arc vcry attractivc 
in  such applications as rhc nutomobi tc. acrnspacc and elcctronic 
industries. Thc ilse or rnngncsium alloys bccomc significant duc 
to  a  onc-rhird  lowcr  dcnsiry  of  magncsium  compared  with 
aluminium,  improvcd  damping  ability,  a  highcr  rcsistancc  to 
corrosion  and  bcircr  rncchanical  properties.  Most  commcrclaE 
rnagncsiurn alIoys arc bascd on Mg-At system comprising thc A2 
and  AM alloy scrics [ I-ll]. Thc most popu!ar  of thcsc alloys is 
AZ9I. The  ternary  magncsium alloy contains about  9  wt.%  Al 
and I  w1.S  Zn, with  addition of about 0.4 wt.8 Mn to  improvc 
corrosion resistance. The rn,wirnum  solid soIubili~y  of aluminium 
in  magncsitlrn (a phase  with  hexagonal  structure)  is  reasonably 
high at  12.9 lyt.91 Al  at thc eu~cctic  tcrnpcrarurc of 710 K. Thc 
equil ihrium conccn~razion  at 473 K is about 2.9  wt.% dl so that a 
largc amotlnt of  aluminium is  available for y precipitates. 'lhc y 
phasc Icallcd also P-phasc) has a stoichiometric cornposit  ion  of 
Mg17AI11  (at 41.4 w.% At) and an a-Mn-lype  cubic unit cell. In 
cnmparison  with  orher binary Mg-A1 alloys,  new phases do not 
appcar in comincrcinl tcrnary alloys of AZ9 I  type. whcn the A1  to 
Zn  ratio  is  grcatcr  [halt  3:l.  I11  this  casc.  zinc  sithstiti~tcs 
aluminium in thc prccipitatc y-phnsc  creating tcrnary intcrmetallic 
compound (Mg17A1  I ~.SZRO.S  or MFI~IAI.Z~)~~  type)  12- I31. 
Magncsium-aluminiiim  alloys  arc  susccptiblc  to  hcat 
trcatmcnt duc to thc variahlc solubility of thcir alloying rlcrncn~s 
in  solid  statc  with  tcmpcmturc.  During  convent ionnl  TG  hcat 
trcatmcnt,  involving solu~ion  at  -690  K  for 24  h.  followed  by 
aging at -430  K for 16 h, thc prccipitnrion proccss nppxrs and rhe 
Fortnation of  ~hc  secondary cquilibrium  thc y-Mg17AI  phasc can 
takc  placc.  1  lowcvcr,  precipitation  occitrring  in  supcrsatuntcd 
alloys  Ilikc  AZ9  1 1  can  takc  placc  cithcr  con~inuously or 
disconlinuously [2-  141.  Discontinnaus prccipitat ion is tllc ccllular 
growth  of  alternating  Pnycrs  of  scconrtry  phasc  and  ncm- 
cyuilihriurn  matrix  phasc  at  thc  high  angle  hundarics.  Ihis 
hcrcropnmus  rcaction  Icads  20  Ihc  formation  of  n  larndlar 
stnrcturc  hchind  a  mnving  grain  boundary.  Cont inuo~ils 
precipitation  Forms  in  all  thc  remaining  rcgions  in  thc 
supcrsatura!cd  matrix. In most  alloys. ncvcrt hclcss, [his two typc 
of prccipitatcs can also occur sirnultihncoaslg I  151. 
In  this paper. thc influcncc or non-standard hcnl trcnlmcnt on 
smctlurc and propcnics of cnsr AZ!,  1  alloy is prcscn~cd. 
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gnin  houndnry  difrtlsiorl  mccbnnism.  Fig.  2  prcscnts 
discontinuous  prccipitnlcs  of y  pliasc  ncnr  ci~tcctlc  rccions. 
cornmcrcia'  by H$m  Pmipitalion  pmcesr  ivas  noppnl  when  s~~pers;~tacltcrI  ill 
Magnesium  Wt' wirh  a chemical cornpsition  given in  Tab'c  I  aluminium  solid  solutiotl  was  cxhalacrl  (ill  rclariort  lo 
was  used  in  this  study.  Invcsligatcd  malcrial  was  prmancnt  cquilihrium condilions). 
mould cast  (rod samplcs with  I10 mm diamctcr). Corn~rcssion 
samples in a form of  &lindcr  with 12 mm in height and k rnm in 
diainctcr were cut from casts. Non-standard hcat trcatrncnt of  can 
samples  (without  solution  anncating)  cansistcd  nl anncaling 
sarngIes at  a tcmpcraturc of  423 and 623 K for 16 hours. 
Tablc  1. Chcmical composition of A29 I  alloy according to 
ASTM B93-94 
Microstructure cxnminalion was  carsicd out by mcans of light 
microscopy  Ncnphor-32  (C:~rl-7xiss Jcna)  and  n  Jcol-5400 
scanning  clccrron  microscope  (SBM)  opcraring  at  30  kV  nn 
polishcd and ctchcd rnicroscctions. 
Mcchanicnl prnpcrtics during i~niminlly  cnrnprcssion tcsts of 
obtained, samples wcrc  carricd  out  at  mom tcmpcmiurc  on  an 
MTS-X I0  scno-hydrntrlic tcsrinp  machinc. Thc  pcrformcd tcsts 
includcd  cxpcrimcntak  dctcrrninat  ion  or  uttimatc  compression 
strcnpth (Rc)  and yicld strcngth (Rcc,~?)  at comptcssion spccd 0.02 
mmls. 
3. Results and discussion 
Fil:  I,  shows a typical microstn~cturc  of  as-cast AZ91 alloy. 
Dcndritical microstmcturc is charactcriscd by prcscncc of a solid 
solution  and  hinary  a+y  eutccric.  Scgrcgation  of  alloying 
clcmcnis is typical  for  majority  magncsium alloys.  In this  casc 
non-uniform dis~rihution  of aluminium  in dcndritc  arms  was 
obscrvcd.  Ccntral  areas  of dendritc  werc  strongly  depEctcd  in 
aluminium {marked as  1  in Fig.1) whereas near cutcctic regions 
aturninrum concentration was  bighcr (markcd as 2 in Fig.  1).  Sivh 
aluminium distribution  is very  often  obscrved  in gravity  cast 
A29 1  alloy.  Spradically.  small  amount  of  discontinuous 
precipitates of y phase  with characteristic lamcltar  morphology 
was  also  ohscrvcd  (Fig. tb).  Discontinuous  prccipirarcs  (ynp) 
form4 Tmm  supersarumred solid solution (arcns  markcd as  2  in 
Fig.[)  duc  ro  slow  cooling  down  of casts  hclow  solvus 
tcrnpcrarure.  Thc  prcscnce oh small  amount  of mangancsc  in 
invcstigatcd AZ9I  aIloy  cnuscd  also  formation  of intcrmcrallic 
compounds  AI#Mn5  (Fig.  I h). 
Aftcr anncal ing cast snmplcs a!  a tcmFr;lrerc of 423 K Tor  16 
hours  (withrrua  solution  anncaling) a  discontinuous prccipitatcs 
wcrc  formed  in all rcgions of ot  phasc cnrichcd  in  aluminium. 
This  type  06  prccipi~atcs is  chiir;lcicristic  for  this  aging 
Fig. I.  Microstn~cturc  or  as-cast AZ9 1 rnagrlcsiu~n  iill(j~;  St54 
It  should bc natcd, howcvcr that on arras ol' s.l~r~plcs  crlgcs 1l1c 
~nicmstructi~rc  wns difrcrcnt.  Ncnr cittcctic  arcas  (snlid soluiion 
enriched  in aluminum)  continuous prccipitatc~  of y  ph;~  (yCl,) 
wcrc  ohscrvcd  (Fig.  3).  Prcpar;~t  ion  nl'  siirnplc<  ( invnlvtng 
mcchanicall  y  curling)  causcd  ihc  int n)duclio~~  of  :!lldili\lll:ll 
SITCSSCS.  It ~CS~I~ZS  111  n  crcation  oF  incrc;lsc  cnnccntrminn OF 
dislocation and twins in inicrnslruclz~rc  or r:irnplcs cilgcs. Ilt~v  trl 
highcr  plasticity  of  solid  soltrt inn  ct~richctl in  ;tlu~iiirlu~n 
parlicutarly  rhcsc  nrcas  wcrc  mnrc  rlcrom~cd.  Microszruu~rrrnl 
dcfcc~s  likc dislocation  or Iwlns ho~li~il:lry  ctit~stiti~tc  k~vnrahlc 
plnccs  Tor  hctcmgciicous ~ii~clc;i~ion  of ctrl~lir~uous  prccipit;)lcs 
duc to faster tlirfi~sion  along rhcm. I%ccattsc  slmc~ural  dcrcclr lend 
lo  bc  r;~pidl  y  dccoraicd  by  arrays  or  sln:lI E  conlinurrus 
prccipitatcs, slip hnnds and twins arc clcarly visihlc it1  Fig. 3. On 
rhc  nthcr  hand  contini~ous  prccipilalion  rcduccs  ~hc  nrnounl of' 
chcmicnl driving cncrgy  available  Cot-  growl11 or discnnlinuous 
pwcipitation. 
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hours (without solution anncaling) only llornogcnizing of a solid 
solu~ion  was obscrvcrl. Any prccipitatcs wcrc  rcvcnlcd  aftcr this 
licat  trcakrncnt.  Fig.  4.  shows  n  micronmcturc  ohisincd  aflcr 
nnncaling as-cast  samplcs  at  623  K  for  16  hours.  During  hcnt 
lrcatmcnt  involving solution  annealing  at  about  690  K  for  24 
hours. followcd by asing at  623 K,  thc continuous prccipitarion 
proccss appears,  what  has hccn rcportcd in Rcf  [15]. In  prcscnt 
casc  lcvclling of  nlurniniurn coiiccntration in  solid  solution  wx~ 
Castcr  thcn prccipitatio~i  proccss (hot11 proccsscs arc dominated by 
volurnc diil'usion). 
:ig. 2. Micmstn~cti~rc  Am1  a1Ioy aftcr anncaling at 423 K for 
16 h (wilhot~t  solution aancaling). cenfcr nf  sa~nplcs;  light 
microscopy 
Fig. 4.  Microsln~cturc  AZ9 I  alloy aftcr nnncnlinp a!  623 K for 
16 h (without solution anncalit~g):  ccntcr of samplcs. light 
microscopy (a). algc of samplc. S13M  (h) 
In  ~ni~ucially  cornprcssion  tests  principal  crack  of  samplcs 
nrogressed at an anfilc of 45" to applicd loail direction (that was in  .  -  .  . 
accordance to  maximal shcar  ssrrcss  dirccrian).  Fig.  5 shows a 
Fig. 3. Micrnstruct\~rc  AZ'E E  alloy nftcr nnncaling nt 423 K for  photogmphs  of  samplcs  nftcr  cornprcssion  tcsts  with  visihlc 
16 h (without solution anncnling). cdgc of ssmplc: SEM  principal  cracks.  Comparison  all  rcsr~l~s  ohtaincd  form 
comp;cssion  lea is presented  in  Fig. 6. Thc ohtnincd  valuca  OF 
ul~irnate  compression srregth not difrcrcd mcaningrtsl Fmrn  cach 
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423  K  for  16  hours,  what  was  caused  by  presence  of 
discontinuous precipitates in this matcrial. Maximal value of yield 
strength was obtaincd for matcrial  anncaling at a tcmpcraturc of 
623 K for 16 hours and it was ca. 20 MPa highcr then Tor  material 
as-cast  condition.  Increase  of  yicld  strcngth  was  result  of 
homogenizing af a solid solution. ASumEnum caused thc incrcasc 
of  magncsium  plasisticity  duc  to  large  amount  of possible  slip 
systcms (in solid solution cnrichcd in  Al) as a consequence of thc 
changcs of crystal latticc parameters (and c/a, ratio). 
1,  anncaling at a temperaturc of 423 K =-cast  material (without 
solution  annealing)  causcd  thc  format ion  of  discontinuous 
prccipitatcs of y phasc in solid solution cnrich in  aluminum 
what resulted En  incrcasc of uttimatc comprcssion strcngth. 
2.  annealing at a tcmpcraturc of 623 K as-cast matcrial (withnut 
solution  annealing)  cnuscd  rhc  homogcnita~ion of  solid 
solution (IcveIling of aluminium conccn~rarion)  and incrcasc 
of yield strenglh. 
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